We use a coupled climate model to evaluate ocean bottom pressure changes in the IPCC-A1B climate scenario. Ocean warming in the 21st and 22nd centuries causes secular oceanic bottom pressure anomalies. The essential feature is a net mass transfer onto shallow shelf areas from the deeper ocean areas, which exhibit negative bottom pressure anomalies. We develop a simple mass redistribution model that explains this mechanism. Regionally, however, distinct patterns of bottom pressure anomalies emerge due to spatially inhomogeneous warming and ocean circulation changes. Most prominently, the Arctic Ocean shelves experience an above-average bottom pressure increase. We find a net transfer of mass from the southern to the northern hemisphere, and a net movement of mass closer towards Earth's axis of rotation.
Introduction
Sea level changes can be attributed to changes of the total ocean mass (e.g. through the input of land water from glaciers), and to changes of the ocean density at constant ocean mass (steric changes). Steric changes occur through heating or cooling of the ocean; in a warming climate, the oceans take up most of the additional heat and hence thermosteric (temperature related) sea level rises significantly [Gregory et al., 2001] . Steric changes do not alter the total global ocean mass, and are thus usually not associated with ocean bottom pressure (OBP) changes. However, heat uptake by the ocean varies locally, so a certain adjustment and redistribution of the mass of water can be expected. Specifically, it is interesting to consider how a thermosteric anomaly in the deep ocean transfers onto shallower shelf regions. Ponte et al. [2002] already pointed to a shift of mass from deep to shallow ocean areas in their study, but they did not analyze the pattern or processes in detail.
Changes in ocean bottom pressure that are caused by ocean warming and circulation changes have not received much attention. The objective of our study is twofold: (1) We develop a simple conceptual model that relates ocean warming to secular bottom pressure changes, and we compare the simple model to the bottom pressure changes simulated in a coupled climate model; (2) We estimate the length-of-day changes (∆LOD) associated with the change of Earth's moment of inertia through the simulated bottom pressure changes at constant global ocean mass.
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Model and Methods
We use the coupled Atmosphere-Ocean General Circulation-Model ECHAM5/MPI-OM [Marsland et al., 2003] . MPI-OM is coupled to the ECHAM5 atmosphere model at T63 horizontal resolution (corresponding to roughly 1.9
with 31 vertical levels [Roeckner et al., 2003] ; no flux adjustments between the ocean and atmosphere model components are applied. Following the IPCC-A1B emission scenario [IPCC , 2001] , the atmospheric CO 2 concentration rises from 367 ppmv in the year 2000 to 703 ppmv by the year 2100; in the 22nd century, the atmospheric CO 2 concentration is held constant at 703 ppmv. Relative to preindustrial conditions, global mean thermosteric sea level rises 0.26 m by the year 2100, and 0.56 m by the year 2199 under the prescribed forcing [Landerer et al., 2007] .
In our calculation of bottom pressure we follow Ponte [1999] . Bottom pressure is approximated by integrating the hydrostatic relation from the bottom −H to the sea surface η, plus a spatially averaged barometric contributionp a , giving
where ρ 0 is a reference density for ocean water (here ρ 0 = 1028kg/m 3 ), g is the gravitational acceleration on Earth's surface. Rearranging terms, the bottom pressure anomaly
in time (indicated by a prime) with respect to a mean or unperturbed state is given by
where η is the anomalous sea surface height (SSH), and η s = g 0 −H ρ dz is the anomalous steric height. Note that the steric height deviation also includes local steric changes due to salinity anomalies, which can regionally be similar in magnitude to thermosteric signals, but often with opposite sign [Landerer et al., 2007] . At periods longer than a few days, the ocean predominantly responds to atmospheric pressure anomalies isostatically like an inverted barometer (IB), so that p a variations have no influence on the ocean dynamics [Wunsch and Stammer , 1997] . Consequently, the sea surface height term η in MPI-OM does not contain the IB effect. For present purposes, we set the mean atmospheric anomalȳ p a in equation 2 to zero, because we are interested in the pure oceanic signal. However, p a can vary in time and would have to be taken into account if one was interested in the atmospheric loading effect on ocean bottom pressure [de Viron et al., 2002; Ponte, 1999] .
Furthermore, the formulation of the continuity equation in MPI-OM implies volume conservation rather than mass conservation. To ensure ocean mass conservation, we apply a time-varying but spatially uniform correction to the SSH to account for global mean sea level changes from global mean density changes [Greatbatch, 1994; Ponte, 1999] . In what follows, all anomalies are annual means and are taken relative to an unperturbed control climate (CO 2 concentration of 280 ppmv). We refer to bottom pressure changes 
Simple Redistribution Model
Before we analyze the spatial pattern of bottom pressure changes in the IPCC-A1B
scenario, we develop a simple conceptual model that explains to first order how a deep ocean warming can change bottom pressures at depths below and above the steric anomaly ( Fig. 1) . In this approach, we assume that density changes occur uniformly in a certain depth layer, i.e. the density (and thus steric) anomalies are a function of depth only. The total ocean mass does not vary in time. To derive the model, it is sufficient to consider one layer at depth z i with a height h i and areal extent A i , in an ocean with just three layers.
Warming of this layer causes a negative density anomaly ρ i (Fig. 1a ), corresponding to a positive specific volume anomaly δ i = ρ i /ρ 0 . Thus, the specific volume anomaly δ i would raise the sea surface throughout the horizontal extent of layer i by δ i h i , and lead to a sharp SSH gradient where the bathymetry becomes shallower (Fig. 1b) . With no forces present to balance this SSH gradient, we can assume that fast barotropic gravity waves immediately distribute the steric anomaly from layer z i evenly across the entire ocean surface area A s (Fig. 1c) . At this point, the deep warming and concurrent thermal expansion has led to a uniform global sea level rise, but mass redistribution within the basin has led non-uniform bottom pressure changes. The gain in bottom pressure for the upper shallow layer is δ i h i (A i /A s ), while the loss in bottom pressure for the layer z i and each layer below is
Since mass is conserved, the sum of all bottom pressure changes is zero (e.g in Fig. 1 , substitute A i /A s = 2/3, and sum up for all three layers). Generalizing this mechanism to n layers, and allowing for steric anomalies in all layers, we derive a discrete formulation for horizontally uniform, but vertically varying
bottom pressure changes:
where i = 1, ..., n counts downward from the surface, and η s (i) = (A i /A s )δ i h i represents the steric sea level change contribution from layer i. Equation 3 states that a layer gains mass from the expansion of all layers below, and loses mass from its own expansion and expansion of all layers above. Equivalently, this statement also holds for negative expansion (contraction, or cooling), exchanging gains with losses and vice versa. Note, however, that steric expansion through warming is a very slow process compared to barotropic adjustment timescales in the real ocean. Therefore, the redistribution would always be immediate, and a SSH gradient as described in Fig. 1b would not build up.
In order to estimate the magnitude of bottom pressure anomalies from ocean warming as a function of depth and time in an ocean with realistic topography, we use equation 3 and apply it to the horizontally averaged steric changes in our IPCC-A1B scenario for each model layer ( the IPCC-A1B scenario [Landerer et al., 2007] . By construction, the simple redistribution model cannot capture bottom pressure changes caused by circulation changes.
A scatter plot of bottom pressure anomalies versus depth resolves basin wide and even regional variations (Fig. 3c) . For example, Baffin Bay and Labrador Sea bottom pressure changes (purple markers in Fig. 3c) 
∆LOD from p b Anomalies
Bottom pressure anomalies are directly proportional to mass load anomalies, thus affecting Earth's gravity field and its moment of inertia [Chao, 1994; Wahr et al., 1998 ].
Since the angular momentum (AM) of the total Earth system is conserved, Earth's rotation rate changes if its moment of inertia is altered via a redistribution of mass in the oceans. Note, however, that the atmosphere significantly influences the total AM budget under global warming on decadal and longer time scales [de Viron et al., 2002] .
Following Barnes et al. [1983] , we estimate the Earth rotational excitation χ where R e is the Earth's mean radius, I zz is the principal moment of inertia, g is the gravitational acceleration, ∆p b are the bottom pressure anomalies described in sections 3 and 4, and θ and λ are latitude and longitude, respectively. The analysis reveals a clear secular trend in χ mass 3 (Fig. 4) , which corresponds to a length-of-day anomaly (∆LOD) of nearly -0.12 ms by the year 2199 (for comparison, the motion term from ocean currents in the present simulation corresponds to ∆LOD ≈ 0.026 ms by 2199).
The zonally integrated bottom pressure anomalies indicate a net transfer of mass from the southern to the northern hemisphere (not shown). However, this mass transfer is not completely antisymmetric between the hemispheres, thus giving rise to a residual with the horizontally averaged bottom pressure anomalies from the simple redistribution model (Fig. 2) , inserted into equation 4. Although the previous section showed that regional bottom pressure anomalies can deviate substantially from the horizontally averaged profile (Fig. 3b) , the simple redistribution model does capture a substantial part of the actual χ mass 3 signal (Fig. 4, dashed line) , but generally overestimates the amplitude by about 20%.
Concluding Discussion
We have shown that ocean warming and circulation changes lead to significant secular bottom pressure changes in a warming climate. While the steric expansion does not change the total global ocean mass, mass is redistributed within and between ocean basins. An essential feature of our simulation is the strong positive bottom pressure anomaly on
almost all shelf areas, while deep ocean regions show negative bottom pressure anomalies.
Part of this mass redistribution can be explained by a simple redistribution model, which describes the bottom pressure anomalies as they should occur due to the decreasing ocean area with increasing depth, assuming in a first order approximation that steric anomalies from all depths are distributed evenly across the entire ocean surface. However, local bottom pressure anomalies can deviate by a similar order of magnitude from the global mean. This heterogeneous pattern reflects the differences in deep water formation in different ocean basins, thus affecting the penetration depth of the steric anomalies. In a slightly different warming scenario, de Viron et al. [2002] analyzed ∆LOD from an ensemble of coupled models. Under the assumption that the total mass term (atmosphere and ocean) is given only by the atmospheric mass term and the IB term over the ocean, they derive a mean ∆LOD trend of -0.75µs/year for the mass term (their Table   2 ). However, as we show here, taking into account the term η − η s in equation 2 IPCC-AR4 models, but this is beyond the scope of this paper. Our results are somewhat in contrast to Ponte et al. [2002] , who did not detect significant LOD trends from ocean bottom pressure changes in a similar warming scenario simulation. We speculate that the discrepancy could be attributed to differences of the ocean warming patterns between the two simulations, and also to model improvements in ECHAM5/MPI-OM over HadCM2, which was used by Ponte [R. Ponte, 2006, personal communication] .
On timescales of a few years and shorter, nontidal LOD variations are on the order of a few milliseconds, caused primarily by atmospheric angular momentum changes [Gross et al., 2004] . Nontidal LOD variations on decadal and longer periods are primarily related to core-mantle interaction, with the atmosphere and oceans being relatively ineffective in exciting variations at these low frequencies [Gross et al., 2004] . However, as we demonstrate here, ocean warming and the ensuing mass redistribution on these long time scales lead to a sizeable nontidal LOD anomaly. In principle, this anomaly is large enough to be measured and, in conjunction with observations of ocean thermal expansion, could help to constrain residuals (e.g. from core-mantle interaction) of future ∆LOD measurements.
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